Introduction
TEGs produce an electromotive effect, known as the Seebeck voltage, when a temperature difference is applied across the two ends of the device. TEGs have been used on spacecraft to provide an energy source millions of miles away from the Earth's surface [1] . This is an extreme case where other energy sources may not be available. TEGs have also been widely used to generate power for remote data communication system used in oil and gas pipelines and for polar weather stations [2] . Some studies have also delved into the possible use of TEGs in automobile exhaust pipes to reduce the load on a vehicle's alternator [3] . Recently, the possibility of humans wearing TEGs to power various biomedical sensors has been explored [4] . There are many possible applications of TEGs but improving the efficiency of TEGs is still the biggest challenge which is required to be overcome to make these devices cost-effective and attractive solution as a green and commercially viable technology. Suitable materials which can provide optimized properties (i.e., very low thermal conductivity, very high electrical conductivity, and high Seebeck coefficient) for high figure of merit are being explored with some promising candidates already discovered but more work is still required [5] . One of the interesting applications is to embed TEGs inside an electronic package for energy harvesting from chip waste heat. Embedded TEGs can reduce the net power consumption of a chip, but this important application of TEGs is relatively less explored and focus of the present study.
Besides the material properties, temperature difference across the TEG also determines its efficiency. Different TEG materials obtain their optimum efficiency in different temperature regimes, and therefore different applications may require different TEG materials depending upon the available temperature difference. Crane et al. built a generator consisting of many smaller TEGs and demonstrated 130 W of power generation from a 205 C temperature difference [6] . This is a significantly large power output by a TEG, but such large temperature difference is not available in most scenarios. Small temperature differences are available across many electronic devices, which can be used to harvest energy by TEGs to enhance the overall energy efficiency of the system. Solbrekken et al. attached 1 mm thick TEGs to a portable device's central processing unit (CPU) and powered a fan using available temperature difference of approximately 30 C to generate 40-50 mW of power [7] . The fan was able to keep the CPU temperature below 85 C in a 35 C ambient environment [7] . This hybrid cooling solution harvests energy from the waste heat and power a fan to remove heat from the package, turning an active form of cooling into a passive form since it no longer requires a battery to power fan [7] . The power generated by TEGs can also be used to assist the power source of micropumps for microchannel cooling of electronic packages [8] [9] [10] . If the TEGs can be moved closer to heat dissipating elements, higher power can be harvested, e.g., embedding TEG inside the package. However, the integration of TEGs inside the package can be challenging for high performance computing or mobile technologies. Particularly, 1 mm thick TEGs are too thick to be embedded inside electronic packages. Bi 2 Te 3 superlattice based thermoelectric cooler (TEC) has been fabricated and integrated within an electronic package by Chowdhury et al. [11] ; this TE device is thin enough ($100 lm) to be embedded within a typical micro-electronic package [11] .
Bi and Te based TE materials have high figure of merit at room temperature and so they are one of the best TE materials for hot spot cooling inside or energy harvesting from a micro-electronic package [12, 13] . The Bi 2 Te 3 superlattice based ultrathin TECs showed increased performance compared to the TECs made by other materials [11] . Bi 2 Te 3 based TE devices can be fabricated using standard semiconductor manufacturing techniques, which allows these devices to be relatively easily integrated within a package [14] . Use of standard semiconductor manufacturing tools allows scaling of the devices to cater to the power generation need of a particular device, e.g., from simple modules providing a few milliwatts to interconnected module-arrays providing tens of watts [13] . Some recent research has investigated the possibility of using silicon nanowires as potential TE material [15] . Silicon is poor thermoelectric material in its bulk form, but the figure of merit of rough silicon nanowires ($1) can be two orders of magnitude higher than bulk Si ($0.01) [15] . Li et al. fabricated silicon nanowire based TEGs, which has footprint of 5 mm Â 5 mm consisting 162 thermocouples, and generated 1.5 nW with a 0.12 K temperature difference [15] . Silicon nanowires based TEGs are CMOS compatible compared to the Bi, Te, Sb, and Se based TEGs and thus could be integrated much closer to the electronic circuitry [15] . However, the power generation by silicon nanowire based embedded TEGs is still very low and significant work is required to improve its efficiency. Bi 2 Te 3 based TEG seems more promising and hence chosen for investigation by the present work.
Some studies focused on power generation using TEGs attached to a micro-electronic package [6, 7, [16] [17] [18] [19] , but the investigation of power generation using Bi 2 Te 3 based ultrathin TEGs embedded within an electronic packaging has not been addressed. Gould et al. integrated a TEG on a desktop computer's CPU and attached a heat sink to the other side of the TEG [20] . This TE device generated power in the range of hundreds of microwatts to few milliwatts [20] . The temperature difference across the device is very low ($2 C) as it was integrated outside the electronic package [20] . Embedding a TEG inside an electronic package, closer to the heat source can provide larger temperature differences across its TE element. Most of the previous models of the TEGs consider constant temperatures at the hot and cold junctions [6, [16] [17] [18] [19] . Constant temperatures at the two junctions of the TEGs is applicable in only few situations, e.g., fluid flow on both sides of a TEG with different temperatures [18] . For embedded TEGs, the package environment can significantly affect the power generation and efficiency of TEGs. So, it is crucial to consider the effect of the structure and properties of packaging materials and the boundary conditions. Several recent works have suggested that maximum power generation in complex systems corresponds to the case when the load resistance is greater than the device resistance rather than when they are equal [7, 21] . This deviation from the expected behavior occurs if the temperatures of the junctions are not kept constant, and such a situation is more realistic and applicable for a larger set of scenarios including embedded TEGs. It is important to analyze the optimum load resistance for power generation by TEGs embedded inside a package that has no constant temperature boundaries. This is addressed in the present study.
In our previous work [22, 23] , we have developed numerical model of a package with embedded TECs. The dimensions and properties of these devices are similar to the devices fabricated by Chowdhury et al. [11] . The present work builds on these previous models to explore the possibility of using packaged thin-film superlattice based TE devices as TEGs. The goal of the present work is to investigate the power generation by Bi 2 Te 3 superlattice based TEGs embedded inside an electronic package. This work first outlines the development of the 3D numerical model of the package and multiple embedded TEGs for a steady-state operation. Section 4 presents an analysis of one TEG located at the center of the package and decipher the effect of key parameters: load resistance, background heat flux, and proximity of TEG to chip on power generation. Then, multiple TEGs are added to the package and comparison of various configurations of TEGs is performed to explore the power generation capability and efficiency of array of embedded TEGs. Finally, transient operation of the TEG is investigated to understand the response of TEGs subjected to a change in the background heat flux.
Computational Methodology
This section outlines the computational methodology used in developing model for the package and embedded TEGs. The model for TEGs embedded within an electronic package is developed using the commercial computational fluid dynamics (CFD) package FLUENT and meshing software GAMBIT. The model solves Fourier's conduction equations for the electronic package and the TEG modules and provides temperature distributions for the entire system. The TEG modules are attached at the back side of the heat spreader. Each module has 49 p-n couple and has an area of 3 mm Â 3 mm. The TE material is Bi 2 Te 3 based superlattice which is 8 lm thick sandwiched between two 46 lm thick copper layers, resulting in a total TEG thickness of 100 lm. The computational domain of the model includes the heat spreader, thermal interface material, chip, and TEGs. The properties of the TE and thermal interface material are obtained from the Ref. [11] and its supplementary material. The heat sink is modeled as a convective boundary condition at the top surface of the heat spreader with a convection coefficient, h, of 2050 W/m 2 -K. This value of convection coefficient is estimated from the previous computation by Gupta et al. [22] in order to match the numerical results of the packaged TEC with the experimental and numerical results presented in Ref. [11] . The detailed information about the heat sink geometry in Ref. [11] is not provided, but using the available information, the effective convection coefficient was estimated and results were within 1-2 C of those presented in Ref. [11] . A schematic of the electronic package with the embedded TEGs can be seen in Fig. 1(a) . The layout of the array of nine TEGs inside an electronic package is shown in Fig. 1(b) . TEGs are added in the positions shown in Fig. 1(b) as needed for the simulations with multiple TEGs. Most of the simulations in the present work with a single TEG device correspond to TEG in the center position, which is location five in Fig. 1(b) . The electrical and thermal contact resistances at the interface of the superlattice/ metal layer (10 À11 X m taken from Ref. [11] . The geometry, thermoelectric properties, and contact resistances of packaged TEGs considered in the present work is similar to those of the TECs used in Refs. [22] and [23] and are also provided in Table 1 . The cooling performance of these TECs has been validated against experimental results in our previous work [22] .
Governing Equations
The governing differential equations for the thermal transport inside the electronic package is represented as
where
Here, T is temperature, a is thermal diffusivity, I is current, A is the area of an element, r is electrical conductivity, and k is thermal conductivity.
A heat flux boundary condition is applied at the bottom of the chip, which can be expressed as
where q 00 ¼ 42.7 W/cm 2 unless otherwise specified. In addition, at the hot end of the TEG,
Here, the y coordinate is directed from TEG to the heat spreader, and y þ h and y À h are locations just above and below the hot junction, respectively. S is the Seebeck coefficient and R elec is the contact electrical resistance of the TEG. Also, at the cold end of the TEG ÀkA @T @y
where y þ c and y À c are locations just above and below the cold junction, respectively.
Finally, at the top surface of the heat spreader,
where h is the convective heat transfer coefficient and T 1 is the ambient air temperature, which is taken to be 300 K for all simulations.
In addition to the material properties and boundary conditions of the package, thermoelectric power generation depends on the several factors: Seebeck coefficient, temperature difference between the hot and cold junctions of the TEG, and the resistances of the TEG and load. The equation for Seebeck voltage of TEG device can be given as
where S is the Seebeck coefficient, T H is the temperature of the hot junction, and T C is the temperature of the cold junction. It is simple to determine the current through TEG once Seebeck voltage is estimated using the expression
Here, R L is the electrical resistance of load and R TEG is the total electrical resistance of the TEG device (including contact resistances). The amount of useful work, W U , is the power dissipated through the load resistance and can be evaluated by
A current flows through the thermoelectric device when it is connected to external load which in turn reduce the temperature of the hot junction due to Peltier effects. Therefore, the Peltier effect must also be taken into account. Peltier cooling of the TEG device is incorporated by adding heat (aSIT c ) at the cold junction and subtracting heat (aSIT h ) from the hot junction of the TEG, where T h and T c are the temperatures of the hot and cold junctions, respectively. The value of S is considered to be 300 lV/K which is based on the experimental measurements in Ref. [11] . The heat generation due to the electrical resistance of the TEG device and the electrical resistances at contact is considered by adding an I 2 R term at the corresponding volumes and layers. The thermal contact resistances were considered by adding appropriate thermal resistances at the interfaces.
The simulations are performed using the finite volume method based commercial solver FLUENT. 200 K cells are considered for the simulations; grid independence tests verify that these cells are sufficient for further simulations.
Power Generation Using Single TEG
This section studies the power generated by a single 3 mm Â 3 mm TEG located at position five in Fig. 1(b) as a function of the load resistance. The current flow, voltage, and temperature across the TEG is investigated to understand the response of TEG embedded inside a micro-electronic package for a uniform background heat flux of 100 W/cm 2 at the bottom of chip.
Load
Resistance. TEGs produce a Seebeck voltage under an applied thermal gradient which can be used to power an electrical device or circuit. The electronic circuits can be very complex, but for the simplicity of analysis we consider only a single load resistance connected in series with the TEG. Figure 2(a) shows the current flow and voltage across TEG as a function of the load resistance ($0-1 X). Figure 2(b) shows the temperature difference between the hot and cold junctions as a function of the load resistance. The electrical resistance of the TEG is 0.114 X including both bulk material resistance and electrical contact resistance. As the load resistance increases, the Seebeck voltage and the temperature difference across TEG increases, but the current decreases. The increasing load resistance lead to decreasing current flow as expected from the relation in Eq. (1.9). Lower currents provide less Peltier cooling at hot side of TEG which increases the temperature difference and the Seebeck voltage as observed in Fig. 2 . The CRC handbook of thermoelectrics states that the maximum power transfer is obtained when the load resistance is equal to the TE device resistance [24] . In the present study, the maximum power transfer did not occur when the load resistance is equal to the TEG resistance. The total power and useful power as functions of load resistance are shown in Fig. 3 . The total power is the addition of the power dissipated across the TEG and load as opposed to the useful power which is defined as the power dissipated across the load. The total power reaches its maximum value of 105 mW when the load resistance is equal to the device resistance ($0.114 X), but the useful power doesn't reach its maximum until 0.35 X. The maximum useful power is 72.91 mW at this resistance. The reason the maximum useful power occurs at a different resistance is the dependence of Seebeck voltage on the temperature gradient across TEG which is in turn dependent on Joule heating and Peltier cooling. Maximum useful power transfer will occur when the load resistance equals the device resistance only for the systems that have fixed temperatures across TEG. In the present analysis, the final temperate drop across TEG is itself dependent on the current flow due to the Peltier cooling effect and self-consistent solution is necessary to estimate the current flow, voltage, and temperature across TEG. This is reflected in the deviation of maximum useful power from the point when load resistance is equal to TEG resistance. Similar trends were reported by Solbrekken et al. in their work but TEGs were attached outside of an electronic package [7] .
In order to further understand the deviation of maximum useful power discussed above, we perform simulations where Peltier effect is not considered. Figures 4(a) and 4(b) show estimated current, voltage and power with no Peltier effects which is effectively keeping the voltage constant as the load resistance is changed. The maximum useful power is 234.56 mW when the load resistance is equal to the device resistance of 0.114 X. This is consistent with the expected resistance for maximum power transfer. The change in the results of Figs. 2 and 3 compared to the Fig. 4 is only due to the inclusion of Peltier effects, which affect the temperature difference across the two junctions and hence change the Seebeck voltage. Therefore, the reason why the results in Fig. 3 differ from those expected for maximum power transfer is that the Peltier effects change the temperature gradient and voltage when load resistance is varied.
Background Heat Flux.
TEGs can be used in conjunction with electronic packages for energy harvesting from waste heat. Heat dissipation varies in a wide range for electronic chips and significantly affects many design choices from the chip level up to the package level design and even further to server and building designs. This section investigates the effect of variation in the chip's background heat flux on TEG performance.
The steady-state operation of the single TEG is investigated with background heat fluxes ranging from 10 W/cm 2 to 100 W/cm 2 . The load resistance is set at 0.35 X as this resistance is shown to provide the maximum useful power generation in the previous section. The Seebeck voltage and current as a function of background heat flux are plotted in Fig. 5(a) . The voltage and current increase almost linearly with increasing background heat flux. The load resistance is kept constant in these simulations, so voltage and current are proportional to each another. The useful power generated at various background heat fluxes is shown in Fig. 5(b) . As can be seen in this figure, the useful power increases in a parabolic form, which is expected since the current increases almost linearly and power is proportional to current-squared. At 100 W/cm 2 , the TEG generates 72.91 mW of useful power compared to 0.90 mW at . This parabolic increase in useful power with background heat flux shows the increased utility of TEGs as power densities on chip is keep on increasing from one generation to another generation.
Conversion efficiency is the indicator of the power generation efficiency of TEGs. The conversion efficiency of TEGs is indicator of the percentage of waste heat harvested into usable power and is defined as the amount of useful power divided by the heat flow through the hot junction. Figure 6 shows the conversion efficiency of the TEG as background heat flux increases. The conversion efficiency is observed to be almost linearly increasing with heat flux, e.g., conversion efficiency is 0.06% for 10 W/cm 2 and increases to 0.47% for 100 W/cm 2 .
4.3 Proximity of TEG to Chip. The degree of cooling by a TEC can be enhanced by moving the device closer to the heat source [25] . However, the modification in the performance of embedded TEGs as a function of proximity to chip is not studied yet. In this section, we vary the TEG's proximity to the chip to investigate whether there are similar increases in the TEG performance. The TEG is moved from 48 lm to 3 lm in order to test the chip proximity's effect on TEG performance. Figure 7(a) shows the voltage and current as a function of proximity to chip. Figure 7(b) shows the resulting useful power obtained at a load resistance of 0.35 X. The voltage, current, and useful power all degrade as the device is moved away from the heat source or chip. This is due to a decrease in temperature difference between the hot and cold junctions as the device is moved away from the chip. Figure 8 shows the conversion efficiency as a function of proximity to chip. The conversion efficiency behaves similar to the useful power which is expected as the device is still the lowest resistance path for heat flow from chip to spreader and the heat flux through the device will not change drastically as it is moved further away from the chip. Section 5 investigates the use of multiple TEGs inside the package to harvest energy from chip waste heat.
Array of TEGS on Chip
The discussion in Sec. 4 is based on the simulation of single packaged TEG. This section will investigate the coupling effects of multiple TEGs on chip and how this coupling affects the total useful power. It is expected that adding more TEGs will provide additional power as they are capable of harvesting more waste heat from the chip. We investigate five different cases: (1) TEG 5 only; (2) TEGs 3, 5, and 7; (3) TEGs 1, 3, 5, 7, and 9; (4) All TEGs except 2 and 8; and (5) All TEGs 1-9. Here the location of TEGs corresponds to the setup depicted in Fig. 1 . Figure 9 shows the total useful power generated by all TEGs present on the chip and the average useful power per TEG. The total useful power continues to increase as additional TEGs are added, but it is interesting to note that it is not a linear increase. Total useful power The conversion efficiency of the center TEG and the average conversion efficiency of all TEGs present on chip are shown in Fig. 10 for cases 1-5. The efficiency for case 1 with only the center TEG is approximately 0.47%. This is the highest efficiency per TEG out of all cases considered. The conversion efficiency of the center TEG at location five degrades drastically as more TEGs are added on the chip. The efficiency of center TEG decreases from 0.47% to 0.32% from case 1 of single TEG to case 5 of nine TEGs on the chip. Additional TEGs on chip reduces the heat flux through the center TEG as it is no longer the sole low resistance path, and this decreases the temperature difference between the hot and cold junctions significantly. The average conversion efficiency of all TEGs present on the chip is consistently higher than the efficiency of just the center TEG alone. This is due to the higher efficiency of the TEGs located at the corners, which help in raising the average efficiency of TEGs. The average conversion efficiency reduces from 0.47% to 0.36% from case 1 to case 5.
The results in this section show that additional TEGs on chip will always provide additional power generation, but TEG conversion efficiency degrades as more TEGs are added on chip. Therefore, important design decisions need to be taken while designing a chip with embedded TEGs as there is an optimal number of TEGs for a desired total power.
Transient Response
In this section, we study the transient response of TEGs subjected to change in the background heat flux. Figure 11(a) shows the useful power of a TEG as the background heat flux is changed from 10 W/cm 2 to 100 W/cm 2 . We observe a small lag between the heat flux change and the initial response of the TEG due to the time needed in any significant change in temperature across the TEG. As soon as the temperature difference across the TEG start increasing, the useful power also begins to increase and finally approaches the steady-state useful power generation (72.9 mW) for 100 W/cm 2 . The temperatures of the hot and cold junctions of the TEG can be seen in Fig. 11(b) . The difference in temperatures follow the same trend as the useful power, i.e., it increases with time and approaches to the steady-state solution for 100 W/cm 2 . A TEG is a passive device, so there are no extra benefits in power generation in transient operation due to the dynamic change in chip heat flux. The most useful aspect of the present transient simulations would be to make sure that the current or voltage across load components does not exceed their given thresholds. The slow response time of the TEG to the changes of the background heat flux appears to prevent any sudden spikes in current or voltage and there is no harmful impact on the external loads.
Conclusion
This work investigates the power generation by a single TEG and an array of TEGs embedded within a chip package. The optimum load resistance for maximum power generation is found to (T H ) and cold (T C ) junction temperatures (right y-axis) and temperature difference (T H 2 T C ) (left y-axis) of TEG when background heatflux changes from 10 W/cm 2 to 100 W/cm 2 be 0.35 X, which deviates from the initial expectations of the load resistance to be equal to the device resistance (0.11 X). This discrepancy is found to be due to the TEG's performance dependence on the temperature difference between the hot and cold junctions, which changes with the current and resulting Peltier effect. Increasing background heat flux increases temperature difference across the TEG and results in higher power generation. Temperature difference across TEG also increases when it is moved closer to the chip resulting in increase in useful power generation. The total useful power increases from 72.9 mW to 378.4 mW as the number of TEGs in the package is increased from one to nine. The negative aspect of having more TEGs on chip is the average power generated per TEG decreases from 72.9 mW per TEG for a single TEG to 42.0 mW per TEG for nine TEGs. Transient behavior of TEGs in response to increasing heat flux shows no advantage in power generation. The net power generation from TEGs will continue to improve as better thermoelectric materials will be discovered. There are interesting design choices to be made when embedding TEGs in chip. In future work, one of the important steps to consider is to address the specifics of how the power generated by TEGs can be utilized on chip and which portions of the chip will benefit most from this technology.
